In this paper, a hybrid uniplanar compact electromagnetic bandgap (UC-EBG) design is proposed with a wide-band noise suppression in power planes of printed circuit boards (PCBs). To achieve wide-band noise suppression, the proposed hybrid UC-EBG design employs a combination of various uniplanar EBG unit cells with different sizes which have different frequency ranges of noise suppression corresponding to the size of the cells. In addition, an analytic model of the EBG unit cell composed of cavity resonant model and meander line inductance is proposed and validated by 3-dimensional field simulation and measurement. To demonstrate the proposed design, a heterogeneous group of unit cells with different sizes was selected and the noise transfer function was compared with that of a conventional UC-EBG structure. The proposed hybrid UC-EBG design is experimentally verified by noise transfer function measurement with a significant expansion of the stopband up to 478 % in comparison to the conventional uniplanar EBG designs with the same area occupation.
I. INTRODUCTION
Electromagnetic bandgap (EBG) structure is designed with periodic metal patterns on dielectric substrates, which prevent the propagation of electromagnetic waves in wide and specific band of frequencies [1] - [3] . Owing to the wide bandstop properties, EBG technologies have emerged as a broadband noise isolation technique for various microwave applications. Especially for the power distribution network (PDN) designs in printed circuit boards (PCBs), EBG structures have gained ample attention as embedded planar structures for switching noise suppression as they can easily be implemented and integrated with PCBs using conventional PCB manufacturing processes [4] - [7] .
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Among the various EBG structures for PCB applications, the mushroom-type EBG structures that have periodic unit cells composed of planar patches and vertical vias connected to these patches have widely been introduced [8] - [10] . To achieve a wide bandwidth of noise suppression in a compact area, several modified mushroom-type EBG structures focusing on dielectric materials and PCB stack-ups have been proposed [11] , [12] . However, the vias, which are essential elements of the mushroom-type EBG structures, should be fabricated during the PCB process with limited applications during the post-fabrication stage. Uniplanar compact EBG (UC-EBG) structures, which are another type of EBG structures that employ horizontal traces instead of the vertical vias as was done in the case of mushroom-type EBGs, have been introduced [13] , [14] . By replacing the loop-inductance in the mushroom-type EBG structures with the self-inductance of the traces in UC-EBG structures, the necessity of having the vertical vias has been eliminated resulting in design and fabrication flexibility. Despite the advantages of UC-EBG structures, the compact design remains complicated due to the area occupied by the patches and horizontal traces. Although, there have been several researches on area reduction for the sophisticated UC-EBG structures [15] - [17] , the researchers had primarily focused on reducing the area of the UC-EBG structure instead of bandwidth improvement efficiency.
In this paper, a hybrid UC-EBG structure composed of a variety of UC-EBG cells with different sizes and stopbands has been proposed. Based on the hybrid combination of heterogeneous unit cells in UC-EBG designs, wideband noise suppression can be achieved compared to conventional homogenous UC-EBG structures with similar area occupation. In addition, the unit cells of the proposed hybrid UC-EBG structures have been modeled using the resonant cavity model for the patches and meander line models for the horizontal traces. The proposed hybrid UC-EBG structures have been experimentally validated with 3-dimensional field simulations and measurements of noise transfer function.
II. DESIGN AND MODELING OF PROPOSED HYBRID UC-EBG STRUCTURES
The conventional UC-EBG structures consist of periodic structure of unit cells, which are homogeneous in size, shape, and composition. The size and number of unit cells determine the center frequency and suppression level of the stopband, respectively [18] , [19] . To achieve wide-band noise suppression with conventional UC-EBG structures that employ a single center frequency of the stopband, numerous unit cells are required with a significant area occupation on PCBs. The proposed hybrid UC-EBG structures are composed of heterogeneous unit cells of different sizes corresponding to the multiple stopbands achieving a wide range of stopband in a limited area. In this section, a unit cell design composed of a patch and meander lines are presented. To characterize the unit cells dimensionally, an analytic model of the unit cells is proposed with the resonant cavity model and inductor models of the meander lines. Based on the proposed model, a hybrid UC-EBG structure is proposed with a combination of heterogeneous unit cells. Figure 1 shows the unit cell design for the proposed hybrid EBG structure. The unit cell, which is square-shaped with the side length represented as W c , is designed on a PCB with a substrate thickness of t s . The unit cell is composed of a square patch at the center and four 1-turn meander lines at each side of the patch. The meander lines are designed using a line width and a space between the lines as W l and S l , respectively. The patch provides capacitance between the patch and ground plane and the meander lines display inductive behavior.
A. A UNIT CELL DESIGN
To validate the unit cell design, the reflection phase simulations with various cell sizes were conducted using ANSYS High Frequency Structural Simulator (HFSS), which is based on the finite element method (FEM). In the simulations, a FR-4 substrate with dielectric constant with substrate thickness of 4.3 and 100 um was employed and the width and space between the traces of the meander lines, W l and S l , are set to 100 um. Figure 2 shows the reflection phase simulation results with a cell size of 60mm, 30mm, and 20mm. The zero degree reflection phase and the frequency range for reflections phases between ±90 • for the unit cell defines the resonance operating frequency and the stopband bandwidth, respectively. In the simulation results, the unit cells exhibit their own resonance operating frequencies and the stopband bandwidths depending on the cell size as summarized in Table 1 , which confirms the unit cell design can be employed as a unit element of the UC-EBG structures for the surface noise suppression. The unit cell is not restricted to a specific design but can be of any type for the UC-EBG structures that present an LC network. The proposed EBG structure can be implemented using a combination of the unit cells to form a distributed LC network with a suppression of surface-wave propagation for a specific range of frequencies.
B. UNIT CELL MODELING
In this section, an analytic model for the unit cell is proposed based on the resonant cavity model for the patch and meander line models for the horizontal traces. The patch on the PCB forms a pair of parallel plates with the ground plane and the self-and transfer-impedances can be extracted using the resonant cavity models [20] . In these models, the plane impedances can be extracted from the coordinates of the ports on the patch panel. Figure 3 shows the port configurations for the plane impedance extraction where the ports are located at the point where the patch is connected to the meander lines. Owing to the symmetry of the unit cell, a couple of two-port configurations, namely left-top and left-right, can be used to represent all the port configuration combinations. The coordinates of the ports with the left-top and left-right configuration are (0, W p ) and (W p , W p ), respectively, where W p is the side length of the patch shown in (1) . With the coordinates, the self-and transfer-impedances of each port configuration can be obtained by using (2.1)-(2.3) where χ mn = 1 for m = 0 and n = 0, √ 2 for m = 0 or n = 0, and 2 for m = 0 and n = 0. Here, m and n are the integer values for the mode numbers, which are set to 100, a value that is large enough to ensure the accurac y of the model in a high-frequency region. k is the complex wave number to model the energy dissipation in the resonant cavity where tan δ is the loss tangent of the dielectric substrate, and δ is the skin depth.
The meander lines of the unit cells present inductive behavior and self-inductance can be derived based on the dimensions [21] . As shown in Figure 4 , the 1-turn meander line consists of five segments and the total inductance is given by the sum of self-inductances of all the segments and the mutual inductances between all the segment combinations. The selfinductance L i of the ith segment S i can be calculated by using (3) where the segment length l is W p for segment 2 and 4, and S l for segment 1, 3, and 5. The mutual inductances from the segment combinations in the 1-turn meander line are derived as shown in (4.1)-(4.3). With the extracted selfand mutual-inductances, the total inductance of the 1-turn meander line can be obtained by using (5) .
The two-port impedance matrix for the unit cell can be obtained by combining the patch impedance matrix and impedance of the meander lines. As shown in Figure 5 , the impedance matrix for the patch [Z p ], extracted from (2), is combined with the meander line impedance Z L, which is jωL total at each port of the matrix. Based on the definition of Z-parameters, the two-port impedance matrix of the combined structure can be synthesized by combining the impedance matrix for the patch and meander line impedance, as shown in (6) .
The unit cell of the proposed hybrid UC-EBG has four ports at the end of the meander lines, the point from where the surface waves propagate. To complete the proposed four-port impedance matrix of the unit cell, a couple of two-port impedances of the united patch and meander lines are extracted with different port configuration. Figure 6 shows the two-port unit cell with different port configurations. The impedances of the unit cell with port configuration as left-top are equivalent to that of left-bottom and right-bottom based on the reciprocity of symmetry structure. Similarly, the impedance of a unit cell having left-right port configuration is equivalent to that of top-bottom port configuration. Based on these findings, the complete four-port impedance matrix of the unit cell can be synthesized by the two-port impedance matrices owing to the symmetry of the unit cell as shown in (7) .
To validate the proposed model, the transfer function simulation and measurement were conducted, with the port assignment in Figure 6 (b), using ANSYS HFSS and a vector network analyzer (VNA), respectively. Figure 7 shows the transfer functions extracted from the proposed model, 3-dimensional field simulation, and measurement with different unit cell sizes. The width and space between the traces of the meander lines, W l and S l , are set to 100 um, which is the minimum value that the PCB manufacturing process allows to obtain a sufficient inductance and capacitance within a limited area occupation of the unit cell. The substrate thickness, t s , is set to 100 um, which is the typical thickness in multi-layer PCBs for consumer electronic devices. The proposed models present stopband frequencies depending on the unit cell sizes with a noticeable correlation with the simulation and measurement results. The discrepancies between the proposed models and the simulation and measurement results in high-frequency region come from using the lumped inductance models for the meander lines in the proposed models. The stopband bandwidth of the unit cells depending on the unit cell sizes with a transfer function level of −20 dB are summarized and listed in Table 2 . Based on the comparison results, it can be demonstrated that the proposed analytic models can be utilized to estimate the noise suppression characteristics of the unit cells.
C. PROPOSED HYBRID UC-EBG STRUCTURES
The proposed hybrid UC-EBG structures include a combination of heterogeneous unit cells of different sizes. Each unit cell exhibits a stopband corresponding to the size of the cell, and a wide range of stopbands are achieved when these differently-sized unit cells are combined with each other. Figure 8 shows the test vehicles (TVs) that are designed to validate the proposed hybrid UC-EBG structures with different combinations of the unit cells with sizes of 60 mm, 30 mm, and 15 mm. Meanwhile, the TVs are designed with a same area occupation of 7,200 mm 2 . TV 1 is composed of two unit cells of size 60 mm, which is the same as that of conventional UC-EBG structures. In TV 2, one of the unit cells of TV 1 is replaced by four half-sized unit cells that are of 30 mm. In the same manner, TV 3 is designed by replacing two unit cells of 30 mm with eight half-sized unit cells of 15 mm. When the unit cells are connected, the neighboring unit cells are designed as mirror images to ensure the connectivity of the unit cells. To compare the noise suppression characteristics of TVs, two ports are assigned at the same locations where the surface waves come in and out.
III. EXPERIMENTAL VALIDATION
To validate the proposed hybrid UC-EBG designs, TVs were fabricated and the transfer function measurements were conducted. Figure 9 shows the TVs that were designed with the same combinations and dimensions as shown in Figure 8 on a FR-4 substrate with dielectric constant with substrate thickness of 4.3 and 100 um, respectively. As a reference board, a solid power planes without applying UC-EBG structures was also fabricated with the same dimensions with those of the TVs. The transfer functions between port 1 and port 2 of the TVs and the reference board were measured by a VNA to confirm the noise suppression performance of the proposed hybrid UC-EBG structures and they were determined to be up to 6 GHz. In addition, the analytic models of the proposed UC-EBG structures were constructed by combining the proposed unit cell models and validated, as in the previous section, and compared with the measurement results. Figure 10 shows the comparison of the transfer functions of the proposed hybrid UC-EBG structures extracted from the proposed model and measurement. TV1 is composed of two unit cells of 60 mm in size and shows a stopband bandwidth of 0.67 GHz with a transfer function level of −60 dB below 1 GHz from the proposed model due to its homogeneous composition. TV2 and TV3 are a combination of the unit cells with different sizes to attain the benefit of the proposed hybrid UC-EBG structures. The transfer functions of TV2 and TV3 present a stopband bandwidth of 1.85 GHz and 4.21 GHz from the proposed model, respectively. Based on the mechanism of the proposed hybrid UC-EBG structures, a combination of the various unit cells presents a wider stopband owing to the combined contribution of the bandstop characteristics from each unit cell size. Therefore, TV3, which has unit cells of three sizes, exhibits a wider stopband than that of TV2, which has unit cells of two sizes, as shown in Figure 10 . In addition, the proposed models for the hybrid UC-EBG are successfully demonstrated with a noticeable correlation to the transfer function measurement results. With the proposed model, the bandstop estimation of the proposed hybrid UC-EBG structures can be achieved prior to fabrication; thus, reducing the design cycle. To examine the noise suppression impact of the proposed structures, the noise suppression level is defined by the difference between the transfer functions of the TVs and the reference board. Figure 11 shows the measured noise suppression levels of the proposed hybrid UC-EBG structures and the stopband bandwidth of the TVs associated with a noise suppression level of 40 dB as listed in Table 3 . From the measurement results, it can be confirmed that the proposed hybrid UC-EBG structures can be employed to achieve a wider bandwidth of noise suppression than that of conventional designs with a limited area occupation in PCBs.
IV. CONCLUSION
In this paper, a hybrid UC-EBG design has been proposed with wide-band noise suppression in the power planes of PCBs. The proposed hybrid UC-EBG structure consists of a combination of heterogeneous unit cells of various sizes corresponding to the different frequency ranges to achieve wide-band noise suppression. To demonstrate the proposed structure, a unit cell design composed of a patch and meander lines was employed. In addition, an analytic model for the unit cells based on resonant cavity models for the patch and inductance models for the meander lines was proposed and validated using 3-dimensional field simulation and measurements. To demonstrate the proposed UC-EBG design, a heterogeneous group of unit cells with different sizes was selected and the noise transfer function was compared with that of a conventional UC-EBG structure through simulation and measurement. The proposed UC-EBG design was successfully validated by expanding the stopband by 478 % from that of a conventional design with the same area occupation.
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